In many animal species, the expression of sexually selected traits is negatively correlated with traits associated with survival such as immune function, a relationship termed a 'trade-off'. But an alternative in which sexually selected traits are positively correlated with survival traits is also widespread. We propose that the nature of intertrait relationships is largely determined by overall energy expenditure, energy availability and trait flexibility, with trade-offs expected when individuals are subject to energy constraints. We tested this hypothesis in Ephippiger diurnus, a European bushcricket in which males are distinguished by two prominent sexually selected traits, acoustic calls and a large spermatophore transferred to the female at mating, and where immune function may be critical in survival. Ephippiger diurnus are distributed as small, isolated populations that are differentiated genetically and behaviourally. We analysed songs, spermatophores and the immune function in male individuals from eight populations spanning a range of song types. As predicted, we only found trade-offs in those populations that expended more energy on song and were less flexible in their ability to adjust that expenditure. Ultimately, energy constraints and resulting trade-offs may limit the evolution of song exaggeration in E. diurnus populations broadcasting long calls comprised of multiple 'syllables'.
Introduction
Life-history theory predicts that individuals will allocate their resources to survival and reproductive functions in a way that maximizes their lifetime fitness. When resources are limited, investing in any one life-history trait will affect other aspects of survival and reproduction, resulting in trade-offs (Roff, 1992) . Immunity is an important life-history trait, because the ability to resist disease is crucial for an individual's longevity (Zuk & Stoehr, 2002) . Different aspects of immunity, such as maintaining an immune system and mounting an immune response, are energetically expensive and may therefore be subject to trade-offs against other functions (Zuk & Stoehr, 2002; Rolff & Siva-Jothy, 2003) . In particular, evolutionary biologists have asked how mounting an immune response can affect expression of sexually selected traits, as, combined, these two trait categories play a major role in an individual's lifetime fitness (Sheldon & Verhulst, 1996; Zuk, 1996; Moller et al., 1999; Rolff, 2002) . Sexually selected traits are crucial in attracting and securing mates as well as in competing with rivals seeking those mates (Andersson, 1994) . Like immune functions, they are energetically expensive to produce and maintain (Vehrencamp et al., 1989; Watson & Lighton, 1994; Gerhardt & Huber, 2002) .
If individuals have limited resources, we expect a negative correlation between the production and maintenance of costly traits, and several studies have indeed reported trade-offs between immunity and sexually selected features (e.g. Fedorka et al., 2004; Ahtiainen et al., 2005; Kerr et al., 2010; Reavey et al., 2014) . But other studies have reported the opposite: a positive relationship between sexually selected traits and immunity (e.g. Rantala & Kortet, 2003; Simmons et al., 2005; Tregenza et al., 2006; Fedorka & Mousseau, 2007) . In the latter cases, sexually selected traits may function as indicators: only those individuals in particularly good 'condition' have the ability or energy to invest in exaggerated sexual ornaments or courtship behaviour (Michod & Hasson, 1990) , resulting in a positive relationship between naturally and sexually selected traits (Nowicki et al., 1998; Welch et al., 1998) . Because both relationships are observed, we ask which factors lead to positive versus negative correlations between the several life-history traits.
We begin with the premise that intertrait relationships should depend on overall cost of the several traits and on the total amount of resources that an individual can access. Specifically, trade-offs should occur when several traits are relatively expensive to produce and maintain relative to available energy, leaving an individual with no options barring the killing of certain traits in favour of others. But where individuals are less constrained by energy demands, either because traits are less costly or because more resources are available, indicator traits would be expected. That is, an individual in good condition may be freer to expend the energy necessary to fully express a trait indicating the individual's basic 'quality'. Theory predicts that variation in resource acquisition and allocation patterns is especially important in determining the nature of the relationship between traits: we should expect to find positive correlations when there is more variation in resource acquisition mechanisms than in resource allocation, and negative relationships when there is more variation in allocation than in resource acquisition (Van Noordwijk & de Jong, 1986; De Jong & Van Noordwijk, 1992; Reznick et al., 2000) .
The nature of the relationship between life-history traits can further depend on whether the costs of trait expression are fixed, and on the age of the individual when those costs are incurred. For example, physical ornaments or weapons are usually 'static' traits that reflect an individual's condition over the course of its development rather than its current condition (Tuljapurkar et al., 2009) . Thus, a trade-off would be expected between the ornament or weapon and a survival function, especially when the latter also depends on earlier condition. On the other hand, a 'dynamic' trait such as courtship behaviour often depends heavily on an individual's condition and 'motivation' at the moment the behaviour is expressed (Tuljapurkar et al., 2009) . Because a behavioural trait may be temporarily turned on when needed but otherwise expressed minimally or not at all, it may be less subject to trade-offs than anatomical ornaments and armaments. Immunity is also a costly trait, and specific components of immunity may incur different costs at various stages of development. For example, the overall cost of possessing an immune system may be largely fixed in a species (Schmid-Hempel, 2005) , but the cost of maintaining an immune system often varies during an individual's lifetime (Suwanchaichinda & Paskewitz, 1998; Koella & Sørensen, 2002) ; additionally, the cost of activating an immune response can strongly depend on the individual's condition at the moment of infection (Siva-Jothy & Thompson, 2002) . Consequently, the nature of the relationship between life-history traits may change within a given population.
Here we test the hypothesis that the nature of the relationship between life-history traits depends on the overall cost of the several traits. We can test this hypothesis by comparing populations that differ in total allocation to the several traits, and we expect to observe trade-offs primarily in populations with costlier traits. We addressed this question by studying multiple populations of an acoustic insect species, the European bushcricket Ephippiger diurnus (Orthoptera: Tettigoniidae: Bradyporinae). Ephippiger diurnus offers a special opportunity to test the energy constraints hypothesis because it is distributed as small, genetically differentiated populations in most of its range (Spooner & Ritchie, 2006) . Populations are similar in terms of morphology, ecology and behaviour, but vary markedly in one sexually selected trait: males produce long acoustic calls in some populations, and short calls in others (Fig. 1) . In addition to acoustic calls, males in this species produce a costly nuptial gift in the form of a spermatophore that can comprise 40% of body weight (Duijm et al., 1983; Duijm, 1989) . Because E. diurnus are long-lived and mate multiple times in the field (Busnel & Dumortier, 1954; Hockham et al. 2004 ), a relatively strong immune function is likely. This expectation is consistent with a previous study, which also reported trade-offs between the two male sexual traits and immune function in one population (Barbosa et al., 2016a) . We predict that if the relationship between immunity and sexually selected traits depends on overall trait cost, we will only observe trade-offs in long-call populations, where the several traits are likely to have a higher total cost.
Other studies have examined relationships between investment in song, spermatophores and immune response in Orthoptera, but most have relied on experimental manipulations of these traits (e.g. Simmons et al., 1992; Jacot et al., 2004) rather than a comparative method and measurements of natural trait variation (but see Del Castillo & Gwynne, 2007 for a comparative phylogenetic approach). These studies have also focused on single pairs of traits, a restriction that can yield spurious findings on trade-offs when males make substantial investments in three or more traits (Worley et al., 2003) .
We sampled eight populations chosen to represent the two main genetic clades in E. diurnus as well as a broad geographic range and a diversity of male calls. In each population, we focused on a set of males and measured their advertisement calls, the size of the nuptial gift and the strength of immune response to a foreign object. Ephippiger diurnus males are neither territorial nor aggressive, and the nuptial gift plus the intense calls, which are broadcast up to 6 h per day (Duijm, 1989; Ritchie, 1991 Ritchie, , 1992 , represent a major part of their reproductive investment. We report that trade-off relationships between naturally and sexually selected traits occurred only in long-call populations, where total energy expenditure is inferred to be higher. But we also note the potential influences of energy availability and trait flexibility on the incidence of trade-off relationships.
Materials and methods

Biology of Ephippiger diurnus
Ephippiger diurnus is found in open habitats (garrigue) in southern France and north-eastern Spain (Spooner & Ritchie, 2006) . The insects are flightless, migrate little and have specific habitat requirements, features conducive to their discontinuous distribution among isolated populations. Phylogeographic analyses (Spooner & Ritchie, 2006; Party et al., 2015; Greenfield et al., 2016) indicate that E. diurnus populations west of the Rhone River can be clustered into two main clades: clade 1 populations are found on the Mediterranean littoral south of Narbonne, Dept. Aude, France, and extend west on the southern slopes of the Pyrenees (Fig. 2) . Clade 2 populations are found on the Mediterranean littoral to the north of Narbonne and extend west in valleys and on the northern slopes of the Pyrenees as well as north into the Massif Central and east to the Rhone River. The phylogeographic analyses also indicate little to no recent genetic introgression between clades 1 and 2, and even between the various subclades within these two main clades.
Male E. diurnus broadcast intense (90 dB at 1 m, Greenfield et al., 2004) , rhythmically repeated advertisement calls that consist of one to eight 'syllables' for many hours per day during the mating season ( Fig. 1 ; Busnel et al., 1955 Busnel et al., , 1956 . In clade 1 populations, males produce 'long calls' comprised of three to eight 'syllables' and repeat these calls at relatively slow rates (< 35 min
À1
). Males in clade 2 populations produce 'short calls' of one or two syllables and repeat them at faster rates (> 35 min À1 ). Female E. diurnus evaluate call syllable number, call rate and the relative call timing between neighbours (Ritchie, 1991 (Ritchie, , 1992 Party et al., 2014; Barbosa et al., 2016b) . There is substantial interpopulation variation in female preference for syllable number (Ritchie, 1996; Barbosa et al., 2016b) and call rate (Party et al., 2014) . Females in clade 1 populations prefer a call syllable number considerably higher than the population mean value, whereas females in clade 2 populations prefer a syllable number equivalent to or only slightly higher than the mean value (Barbosa et al., 2016b) . The large spermatophore transferred by E. diurnus males consists of a sperm-filled ampulla, approximately 15% of the spermatophore weight (Jarrige et al., 2013) , that is surrounded by a spermatophylax composed mostly of protein and water (Gwynne, 2001; Jarrige et al., 2015) . Females consume the spermatophylax following mating (Busnel & Dumortier, 1954; Wedell, 1994) . Males lose approximately 30% of their body weight after transferring a spermatophore and then undergo a refractory period of 48-72 h during which they forage but neither sing nor mate (Busnel et al., 1956; Wedell, 1993 Wedell, , 1994 . This behaviour indicates that spermatophore transfer represents a major expenditure of energy. In other bushcrickets, experimental manipulation of available food affects spermatophore size commensurately (Jia et al., 2000) . 
Collection and rearing
We studied four populations from clade 1 and four populations from clade 2, which covered a wide geographic range and a diversity of male call parameters. Population locations are given in Fig. 2 . In seven of the eight populations, study animals were collected in the field as either late-instar nymphs or recently emerged adults in August 2013 and May-August 2014 and brought to the laboratory. Each population has a specific phenology during the season, and a given population was collected within a 5-day interval. The remaining population (PEY, clade 1) had been reared in the laboratory for one generation prior to our analyses. Despite this difference, we retained PEY in our analyses because all other populations were reared in the laboratory environment for 2-4 weeks prior to trait measurements. Moreover, intertrait relationships in PEY were found to be slightly different from those in other clade 1 populations (see Results), and removing it from analysis could be construed as 'cleansing' our data of an outlier. One of the clade 1 populations (CDM) had previously been tested in an intensive study of trade-offs between immune function, nuptial gifts and advertisement calls (Barbosa et al., 2016a) . Animals were housed in individual plastic containers (14 cm height, 12 cm diameter) maintained in climate-controlled chambers at 25°C and an L:D 16-h:8-h photoperiod, and fed cabbage, pollen and fish flakes ad libitum. Males and females were kept in separate chambers to limit female exposure to male calls. We misted individuals with water daily.
Trait measurements
General protocol
We measured male advertisement calls, spermatophores and immune response in the same individuals and then analysed the pairwise relationships between these three traits. Between 19 and 34 individuals in each of the eight study populations were tested. We recorded calls from males approximately 12 days after collecting or, for those obtained as nymphs, past the adult moult to ensure that they were mature. The males were then paired with a female of comparable age from the same population, and approximately 10 days later rerecorded and paired again with a different female from that population who had also mated in the earlier round. We weighed the spermatophores that males transferred at both matings. The repeated measurements of songs and spermatophores were planned to afford an increased amount of data and allow us to report average values of these two traits for each male. Because our assay of immune function most likely would have had an adverse effect on both the calls and the nuptial gift, we measured immune response last, approximately 24 h after a male's second mating. Owing to constraints on the number of animals that we could assay in a day, we were unable to rerecord males prior to their second mating in one of the eight populations (FR, clade 1). Additionally, some males in all populations did not sing or mate during their second session. To report data from a larger set of animals, we measured the relationship between call syllable rate and spermatophore weight using data taken at the first mating. However, by necessity, we measured the relationships between call syllable rate and encapsulation response and between spermatophore weight and encapsulation response using data from the second mating. Thus, the two traits evaluated in a pairwise relationship were always measured at approximately the same point during an individual's lifetime. Because we did not have data on call syllable rate measured at the second mating in FR, we do not report the relationship between call syllable rate and encapsulation response for this population.
Advertisement calls
We recorded males in plastic cages with acoustically transparent mesh covers in a laboratory room at 25°C and in the presence of other calling males. The presence of a background chorus is essential for males to begin and sustain calling, as they rarely call in isolation in the field. We separated males by placing 12 cm of 25 kg/m 3 acoustic insulation foam between each male (Flexolan, Diedorf, Germany), which attenuated the calls of neighbours by 25 dB. Although the separated males could still hear their neighbours, the dampening ensured that the focal individuals did not adjust and slow their own call rate to alternate calls with another male. We used an electret condenser microphone (LinearX M51; LinearX Systems; Tualatin, Oregon) with a corrected frequency response of AE 1 dB from 10 Hz to 40 kHz to record the high frequencies in E. diurnus calls. To capture a male's call variation, we recorded each focal individual for three 60-s intervals distributed throughout the morning activity period. We later analysed the recorded calls using digital sound processing software (Adobe Audition 3.0; Adobe Systems Incorporated; San Jose, California). We counted the total number of calls broadcast during the 180 s of recording and the number of syllables per call and then calculated each male's calling rate (calls/min), average number of syllables per call and syllable rate (syllables/min).
Based on measurements of calling energetics in other orthopterans using forewing-forewing stridulation (Hoback and Wagner, 1997) , we assumed that syllable rate, which represents the number of cycles of wing movement per minute, is the best estimate of the energy that E. diurnus males expend on singing. But syllable rate is the product of two acoustic parameters, one of which, call syllable number, is highly repeatable (Rebar et al., 2015; Barbosa et al., 2016b) and one, call rate (calls/s), which is not. Consequently, our measures of syllable rate, despite being taken for three intervals, may not necessarily reflect an overall, long-term value for a male that could be effectively compared with other traits. Owing to this uncertainty, we used both call syllable rate and syllable number as an index of the call trait in our analyses. Studies of other orthopterans have shown that available energy resources influence male calling effort as measured by the total amount of song during the daily activity period (Hunt et al., 2004; Houslay et al., 2017) .
Nuptial gift
We measured spermatophore size indirectly by weighing males and females just prior to pairing them, and again immediately after they mated (Barbosa et al., 2016a) . Thus, we avoided disrupting the mating process and spermatophore production. A male and a female were placed in a plastic container with mesh walls and a perch and kept there for up to 6 h or until they mated. We monitored the pairs and separated individuals for weighing immediately after spermatophore transfer was complete. Spermatophore size was estimated by calculating the weight difference before and after mating for both males and females and then averaging the male and female values. We report a male's relative spermatophore size, calculated as spermatophore weight divided by his body weight prior to mating.
Immune response
We measured immune response through an encapsulation assay, which consists of measuring the darkness of an implant inserted into an individual's body for a given time interval: the higher an individual's encapsulation response, the darker the implant will become due to the attached, melanized haemocytes (Fedorka et al., 2004; Rantala & Kortet, 2004; Baer et al., 2006; Bailey et al., 2011) . This assay therefore measures an individual's ability to detect and neutralize a foreign object inserted into his body cavity (Gillespie et al., 1997; Cerenius & S€ oderh€ all, 2004) . Encapsulation assays were performed 24 h after a male' second mating, following standard protocols for Orthoptera (Bailey et al., , 2011 . Assays consisted of inserting a sterile implant into the abdomen of a male by making a small hole on the ventral side, between the second and third segments (Barbosa et al., 2016a) . The implant was a 3-mm length of 0.4-mm-diameter monofilament that had been abraded with fine sandpaper to facilitate haemocyte adhesion. Males were killed by freezing 24 h after implants were inserted. The implants were then removed and photographed over a 1997-2014.) to quantify implant melanization. The software determines a mean value for the darkness of the implant, ranging from 0 (darkest) to 255 (lightest). We then calculated male implant darkness score by subtracting 255 from the mean darkness value determined by the software, and we multiplied the result by À1 to make results easier to interpret: a higher implant darkness score therefore corresponds with a stronger immune response and higher survival effort.
We used an encapsulation assay rather than a technique measuring antimicrobial enzyme activity, for example phenoloxidase, because the former is more informative in a low-density population living in open habitats, such as E. diurnus, where individuals have little direct contact other than at mating. We expect that under such conditions, insect and nematode macroparasites are more important sources of mortality than microbial infection, and a previous study has shown that individuals in a pygmy grasshopper population that have higher encapsulation rates suffer lower parasitization (Civantos et al., 2005) . Other studies have shown positive relationships between encapsulation rate and reproduction in arthropods (Rantala & Kortet, 2003; Simmons et al., 2005) . Our assay also measures haemocyte adhesion, which may be a critical defence against cuticular tears resulting from moving over rough ground and vegetation.
Analysis
We analysed the pairwise relationships between male advertisement calls, spermatophores and immune response for each one of our study populations using Pearson product-moment correlations. To investigate interpopulation differences in intertrait relationships, we used ANCOVA to compare each of the three intertrait relationships among all populations and then among populations within a given clade. We also examined general relationships within a given clade by measuring the three intertrait correlations between population mean values. All statistical analyses were performed with JMP software (JMP â , version 13. SAS Institute Inc., Cary, NC, USA).
Results
Population differences in reproductive and survival effort
As expected from our sampling of populations in both clades 1 and 2, we found significant population differences in call syllable number (one-way ANOVA, F We also found several significant population differences in both relative spermatophore size (one-way ANOVA; F 7,162 = 20.52, P < 0.0001) and immune response (F 7,190 = 13.82, P < 0.0001). Post hoc pairwise comparisons (Tukey-Kramer HSD) revealed that spermatophores are significantly larger in CDM and smaller in MER, but there are no significant differences in spermatophore Table 1 Call traits, spermatophore size and encapsulation response for eight Ephippiger diurnus populations studied (see Fig. 2 ). Values represent mean AE SE, followed by sample size in parentheses. Letters denote results of multiple pairwise comparisons (Tukey-Kramer HSD) within a given trait; populations not bearing the same letter are significantly different (P < 0.05). Fig. S1d ).
Population differences in intertrait relationships
Advertisement calls vs. nuptial gift ANCOVA revealed significant differences in the relationship between advertisement call syllable rate and the nuptial gifts among all eight populations studied (F 15, 175 = 5.89, P < 0.0001) as well as within clade 1 (F 7, 83 = 6.43, P < 0.001) and clade 2 populations (F 7, 92 = 5.91, P < 0.001). We found a significantly negative correlation between syllable rate and relative spermatophore size in one long-call (clade 1) population (CDM) and no relationship in the remaining three populations (FR, PEY, PUY). Among short-call (clade 2) populations, we found a positive correlation between syllable rate and relative spermatophore size in three populations, MIR, PZL and VIL, and no relationship in the fourth, MER (Table 2 ; Fig. 3 ). Overall, we did not observe a significant correlation between population means in clade 1 (r = À0.168, P = 0.832) or clade 2 populations (r = À0.873, P = 0.127).
Immune response vs. nuptial gift
ANCOVA revealed significant differences in the relationship between advertisement calls and nuptial gifts among all eight populations (F 15, 148 = 10.01, P < 0.001) and within clade 1 (F 7, 74 = 3.25, P = 0.004) and clade 2 populations (F 7, 74 = 14.19, P < 0.001). We found a significantly negative correlation between immune response and spermatophore size in three of the long-call (clade 1) populations (CDM, FR, PUY) ( Table 2 ; Fig. 4 ). Furthermore, we found no significant relationships between these traits in the short-call (clade 2) populations. We did not observe a significant correlation between population means in clade 1 (r = 0.531, P = 0.469) or clade 2 populations (r = À0.317, P = 0.683).
Immune response vs. advertisement call
ANCOVA revealed significant differences in the relationship between advertisement calls and nuptial gifts among all seven populations (F 13, 88 = 8.52, P < 0.001) and within clade 1 (F 5, 35 = 4.21, P = 0.0041) and clade 2 populations (F 7, 52 = 10.71, P < 0.0001). We found a significantly negative relationship between immune response and syllable rate in one long-call (clade 1) population, CDM, a marginally significant (P = 0.07) negative correlation in PUY and no relationship in PEY (Table 2 , Fig. 5 ). Among short-call (clade 2) populations, we found a significantly positive correlation between these traits in three populations (MIR, PZL and VIL). We observed no significant correlation between population means in clade 1 (r = À0.899, P = 0.289) or clade 2 populations (r = À0.181, P = 0.819). In summary, we found one or more trade-off relationships in three of four long-call populations but none in any of the short-call populations. Conversely, we found two indicator trait relationships in each of three short-call populations but none in any of the long-call populations. Intertrait relationships in longcall populations were characterized as either a significantly negative correlation (trade-off) or none, whereas relationships in short-call populations were Table 2 Body size, elevation, adult activity season and study year, and intertrait relationships for eight Ephippiger diurnus populations studied (see Fig. 2 ). Significant positive correlations (Pearson product-moment) are indicated by +, significant negative correlations by À and an absence of significant correlation by 0. Correlation values are given in the legends of Figs 3-5. A syllable rate vs. immunity correlation is not given for FR because we were unable to measure these two parameters at the same time in this population. *P < 0.05; **P < 0.01. characterized by either no correlation or a significantly positive one (Table 2) .
Other population and ecological parameters may conceivably influence intertrait relationships, and we list four, male body weight, elevation of the site and the season of adult activity and year of collection and study, in Table 2 to facilitate comparison. We note that two populations, PEY in clade 1 and MIR in clade 2, are much heavier and, being near the Mediterranean coast (Fig. 2) , lower in elevation and active earlier in the year than other populations in their respective clades. Possibly related to their body size, call syllable rates in PEY and MIR (Table 1) are lower than in other clade 1 and clade 2 populations, respectively (cf. Brandt & Greenfield, 2004) . However, intertrait relationships in PEY and MIR conform roughly to the pattern in these other populations (Table 2) .
Discussion
Energy constraints
A prediction of the hypothesis that trade-offs tend to occur where energy is limiting is that populations with a higher overall energy expenditure will have more negative intertrait relationships. Our observations on Fig. 3 Relationship between syllable rate and relative spermatophore weight in clade 1 (solid circles) and clade 2 (open circles) populations. Pearson product-moment correlation; CDM: n = 30, r = À0.31, P < 0.01; FR: n = 15, r = 0.05 P = 0.44; PEY: n = 12 r = 0.003 P = 0.87; PUY: n = 27, r = 0.003, P = 0.76; MER: n = 30, r = 0.0001, P = 0.44; MIR: n = 16, r = 0.33, P = 0.02, PZL: n = 17, r = 0.26, P = 0.03; VIL: n = 35, r = 0.18, P < 0.01. relationships among sexually selected and naturally selected traits in E. diurnus populations are largely consistent with this hypothesis: we only found trade-offs in long-call populations that had high call syllable rates (CDM, FR, PUY; Tables 1 and 2 ), while only finding indicator traits in short-call populations. Moreover, the only population in which all three intertrait relationships were significantly negative, CDM, is distinguished by both a high call syllable rate and a high relative spermatophore weight (Tables 1 and 2) . Otherwise, whether a population's intertrait relationships are negative or positive appears unaffiliated with either spermatophore weight or encapsulation response. Perhaps these two traits represent relatively little of a male's total energy budget in comparison with song, but more likely the absence of affiliation simply reflects the relatively low interpopulation variation in spermatophore weight and the encapsulation response (Table 1 ; Fig. S1c,d ). Values in Table 2 suggest further that there is no strong affiliation between either male body size, elevation or phenology or study year of a population and its intertrait relationships (but see below for a potential influence of elevation).
The energy constraints to which a population is subject would include availability of energy as well as its expenditure. Although no systematic measurements of Relative spermatophore weight (%) Encapsuation response Short-call populations (clade 2)
Long-call populations (clade 1) Figure 4 Relationship between immune response and spermatophore size in clade 1 (solid circles) and clade 2 (open circles) populations. Pearson product-moment correlation; CDM: n = 15, r = À0.51, P < 0.01; FR: n = 23, r = À0.18, P = 0.05; PEY: n = 15, r = 0.02, P = 0.61; PUY: n = 15, r = À0.44, P < 0.01; MER: n = 18, r = 0.04, P = 0.39; MIR: n = 14, r = 0.04, P = 0.84, PZL: n = 16, r = 0.01, P = 0.89 and VIL: n = 34, r < 0.01, P = 0.87.
available food resources have been made for the various E. diurnus populations, we might expect general food availability to be higher at lower elevation should precipitation and other basic environmental parameters be similar. Thus, we note that the one population with a high call syllable number and moderate call syllable rate, and hence energy expenditure, that exhibited no trade-offs among the three pairwise intertrait relationships, PEY, is located near sea level (Table 2 , Fig. 2) . The three other long-call (clade 1) populations, CDM, FR and PUY, are all in the same general region as PEY but located above 1500 m. We speculate that a longer warm season and more available food resources normally allow PEY males to expend a high amount of energy without operating close to their limits and being forced into trade-off relationships. Can this history influence the evolution of intertrait relationships and the expression of these relationships in males brought into a laboratory environment and reared there, particularly when the rearing entails food provided ad libitum? Alternatively, the absence of trade-offs in PEY may result from its moderate call syllable rate.
Pathogens and other agents that may elicit an immune response are an important environmental factor that could potentially explain some of the variation in intertrait relationships among populations. As in
Encapsulation response
Syllable rate (syllables/min) Long-call populations (clade 1)
Short-call populations (clade 2) Figure 5 Relationship between syllable rate and immune response in clade 1 (solid circles) and clade 2 (open circles) populations. Pearson product-moment correlation; CDM: n = 15, r = À0.21, P < .05; PEY: n = 12, r = 0.04, P = 0.33; PUY: n = 10, r = À0.36, P = .07; MER: n = 12, r = 0.02, P = 0.88; MIR: n = 15, r = 0.31; P = 0.03, PZL: n = 16, r = 0.49, P < 0.01; VIL: n = 17, r = 0.26, P < 0.02. A graph is not shown for FR because we were unable to measure syllable rate and immune response at the same time in this population.
other acoustic Orthoptera, E. diurnus males are susceptible to attack by phonotactic dipteran parasitoids (Kolluru & Zuk, 1998; Lehmann & Heller, 1998; Lehmann, 2003) , and immune responses may be particularly intense in areas with higher parasitoid populations. Our observations in the field are consistent with this prediction, as MIR is one of the three E. diurnus populations where we have found parasitoids (Therobia leonidei; Diptera: Tachinidae) infesting males (V. Party and M.D. Greenfield, unpublished data) , and it has the highest immune response among the eight populations we sampled (Table 1 ; Fig. S1d) ; the other two infested populations were not used in the study reported here. However, the immune response at MIR may not compensate for its relatively low syllable rate and spermatophore size (Table 1) , and the total energy expenditure in this population is probably low and leads to an absence of trade-offs (Table 2) . Ecological factors may also influence spermatophore size, with possible effects on intertrait relationships. At sites with high population density, a large spermatophore may be adaptive as a means of reducing sperm competition (Rebar & Greenfield, 2017) . A large spermatophore might also be favoured in areas where predation is high, as males may assume more of the burden -and risk -of foraging and then transferring the acquired resources to the female at mating. But spermatophore size varies little among the eight populations save for MER, where it is lower than the average, and CDM, where it is higher. Both sites had relatively high densities of E. diurnus adults, and we have no information on predation intensity. Thus, we cannot speculate further on a special role of the spermatophore in determining trade-offs or indicator traits.
Trait flexibility
A corollary of our prediction that energy constraints determine intertrait relationships is the proposition that within-individual trait flexibility generates positive correlations more often than negative ones. The advertisement call is the most flexible of the three traits we measured, and of its two components, it is call rate wherein much of this flexibility resides. Males often accelerate their call rate when 'motivated' by a neighbour's call, whereas call syllable number remains more or less fixed within an individual (Party et al., 2014) . We suggest that this feature may be partly responsible for the incidence of positive correlations among shortcall populations (cf. Table 2 ). That is, certain males in short-call populations are more apt to temporarily accelerate their call rate, and hence syllable rate, and it is these males who also transfer larger spermatophores and have stronger immune responses. Call rate likely depends on a male's current condition: presumably, males are only able to sing with fast rates at moments when they have enough energy reserves. Therefore, males who are in good enough condition to sing at a fast rate can also make larger spermatophores and mount an effective immune response. This inferred situation in short-call populations contrasts with the nature of syllable rate as a trait in long-call populations: in the latter group, syllable rate is largely a function of call syllable number, which varies considerably between males and between populations. But syllable number is a static trait, being highly repeatable within males (Rebar et al., 2015; Barbosa et al., 2016b) , and males in long-call populations therefore have less flexibility in how much to invest in calling. Thus, in long-call populations, males with high syllable rates will have less energy available for other traits, assuming that they maintain the same daily singing period.
Spurious effects
Theory predicts that when organisms allocate resources among three or more traits (T 1 , T 2 , T 3 ,. . .) and make the several allocation decisions hierarchically, positive intertrait correlations may arise indirectly despite overall constraints on energy and resources (Worley et al., 2003) . For example, positive correlations can occur if many members of a population make an initial 'decision' to allocate relatively few resources to T 1 , leaving most available resources for T 2 and T 3 , and later during development allocate between T 2 and T 3 . Because the amount available for T 2 and T 3 is relatively high in most individuals, the intertrait correlation is positive. E. diurnus males allocate a significant amount of resources to at least three traits, and we therefore ask whether confounding factors as outlined above could be responsible for the positive correlations observed in clade 2. Consideration of Table 2 and trait development in E. diurnus suggests this is not the case. First, no significantly positive correlations were observed in any clade 1 populations, and the significantly positive correlations observed in clade 2 populations occurred in the absence of negative ones. Second, it is likely that the three traits measured in E. diurnus begin development early but are also influenced by events just prior to their expression. Both call syllable rate and spermatophore weight probably reflect energy acquired during juvenile and early adult development, but they are also influenced by the adult social environment represented by neighbouring singers (Rebar et al., 2015; Rebar & Greenfield, 2017) . Some immune response may begin development early when fat body is initially deposited, but the complex process of encapsulation would rely on haemocyte properties that are only released at the time of attack or injury (Gillespie et al., 1997) . Thus, allocation decisions in E. diurnus males are not necessarily hierarchical.
Other confounding factors may yield negative intertrait correlations in the absence of energy constraints.
For example, a survival and a reproductive trait may be negatively correlated because they respond oppositely to an environmental factor such as annual precipitation even though no trade-off exists between the two traits (Knops et al., 2007) . But again, this situation appears unlikely in E. diurnus. All three measured traits are generally known to be influenced by available energy. Clade 1 and clade 2 populations are found in similar environments (Table 2) within the same geographic region (Fig. 2) , and we cannot identify a confounding ecological factor that might lead to opposite influences on different traits in clade 2 but not in clade 1. At this point, we have no reason to suspect that the negative correlations in clade 1 do not reflect trade-offs imposed by energy constraints and that the positive ones in clade 2 have not arisen by escape from energy constraints. Nonetheless, we do recognize that our observations and inferences pertain to the specific years of the study and that under future environmental conditions, the clades and song types may exhibit different patterns of resource acquisition, allocation and intertrait relationships.
Phylogenetic signal
The association of short-and long-call populations with the two major clades implies that there is a strong phylogenetic signal in the determination of intertrait relationships. But does phylogeny per se determine whether an indicator trait or a trade-off is found in a population, or does the signal act through an intermediary which effects the determination? Further statistical analysis and examination of acoustic features in the two clades indicate the latter.
If the trade-off relationships in long-call populations and the indicator traits in short-call populations were the ancestral features of clades 1 and 2, respectively, we would expect a negative correlation of population means in clade 1 and a positive correlation in clade 2. These correlations of population means would represent the general relationship found in each clade and expressed within the individual populations as depicted in Fig. 3-5 . However, our analyses do not reveal these expected correlations. None of the correlations measured are statistically significant, and most are opposite in sign to the expectation. Further, ANCO-VA of the intertrait relationships within the clades reveals significant interpopulation differences in every case. Thus, the various trade-off relationships in clade 1 and indicator traits in clade 2 appear to be independent correlations. Rather than simply reflecting common ancestry of populations within a clade, the negative and positive correlations probably arose independently in the several populations. Any similarities within a clade likely result from parallel responses to energy constraints, or lack thereof, common to that group.
Phylogeographic studies (Kidd & Ritchie, 2000; Spooner & Ritchie, 2006; Party et al., 2015) propose that the clades in E. diurnus reflect isolation in separate refugia along the Mediterranean coast during the Pleistocene glaciation, a phenomenon which may explain the population genetic structure of other European plants and animals (Armbruster et al., 1998; Avise et al., 1998; Hewitt, 2000; Clegg et al., 2002; Lovette, 2005) . But in the case of E. diurnus, the separation of the clades may be much, much older (5-7 MA) than the Pleistocene (Kidd & Ritchie, 2000; Ritchie et al., 2001 ). E. diurnus clades are distinguished not only by male call syllable number and rate but also by female evaluation of male calls (Barbosa et al., 2016b) . In clade 2, females prefer male calls with a syllable number equivalent to or just slightly higher than the mean number in the population, whereas clade 1 females generally prefer a call syllable number that exceeds the population mean by a considerable margin. Thus, clade 1 males are subject to directional sexual selection imposed by female choice for a high syllable number, and the various populations produce from three to eight syllables per call (Barbosa et al., 2016b) . Between-individual variance in mean call syllable number is also higher in clade 1 populations than in clade 2 (Barbosa et al., 2016b) . Although clade 1 males call at a slower call rate, their syllable rate remains considerably faster than in clade 2 (Table 1) . We infer that these faster syllable rates entail greater energy expenditure and ultimately lead to trade-offs between traits because the animals are normally functioning close to their limits.
We have shown that intertrait relationships vary among E. diurnus populations, ranging from trade-offs between naturally and sexually selected traits to situations where sexually selected traits can serve as indicators of general viability. The nature of the intertrait relationship appears to reflect total energy expenditure, but resource availability, the flexibility with which males can allocate energy to a trait, and female preferences for male calls may also play important roles. These analyses imply that intertrait relationships may have major consequences for the evolution of male signalling. In particular, further exaggeration of male call syllable number may be constrained in long-call populations, countering the directional selection imposed by female preference. Our study thus reveals the elaborate connectedness that may exist between energy, life history and sexually selected signals and preferences. reviewers for providing comments on a previous draft of this manuscript.
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